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Brn-3.0, a POU-domain transcription factor, is expressed in speci®c postmitotic neurons in the dorsal part of the neural
tube which are among the ®rst spinal cord neurons to appear in development. In the mature spinal cord, the Brn-3.0 cells
form a numerous population of scattered neurons in the intermediate spinal gray. Ablation of the notochord in chick
embryos extends the domain of Brn-3.0 expression into the ventral neural tube, while ectopic grafts of notochord tissue
suppress Brn-3.0 expression. The notochord effects on Brn-3.0 expression are reproduced in vivo by the implantation of a
local source of recombinant Shh protein. The down-regulation of Brn-3.0 expression in the dorsal spinal cord by the
notochord and Shh contrasts with the known inductive effects of these ventral signals on the approximately simultaneous
development of the spinal motor neurons. In cultured explants of neural plate from the region of the presumptive spinal
cord, Brn-3.0 neurons develop in the absence of surface ectoderm and ventral midline tissue, suggesting that the Brn-3.0
phenotype may represent a ``default'' developmental pathway for early spinal cord neurons. Together these results advance
the understanding of the mechanism of the generation of neuronal diversity in the developing vertebrate CNS.
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INTRODUCTION Recent evidence indicates that some aspects of the develop-
ment of the dorsal neural tube may have a similar require-
It is the task of the developing nervous system to ulti- ment for speci®c dorsal signals which originate in the adja-
mately produce an enormous array of distinct cell types. cent nonneural ectoderm (Dickinson et al., 1995; Liem et
Although the spinal cord presents a relatively simple case of al., 1995; Selleck et al., 1995).
CNS development, the neuroepithelium of the developing The diversity of neurons in the developing spinal cord
spinal cord gives rise to a variety of speci®c neuronal types can be recognized shortly after neurogenesis by the cell- and
with distinct morphological, biochemical, and functional region-speci®c expression of several markers, most of which
properties. Signi®cant progress has been made in under- are transcription factors of the Lim, Pax, and POU homeo-
standing the molecular mechanism of the induction of the domain families (Ericson et al., 1992; Tsuchida et al., 1994;
differentiation of the motor neurons of the ventral spinal Tanabe and Jessell, 1996). Brn-3.0 (Brn-3a), a POU-domain
cord by signals from the notochord and ¯oorplate (Yamada transcription factor, is expressed in speci®c postmitotic
et al., 1993), particularly the key role of the signaling mole- neurons which are among the ®rst to appear in the dorsal
cule Shh in this process (Echelard et al., 1993; Roelink et part of the spinal neural tube, as well as in restricted groups
al., 1994; Pfaff et al., 1996; Ericson et al., 1996). However, of neurons in the hindbrain, midbrain tectum and tegmen-
much less is known about the speci®cation of the ®rst dor- tum, epithalamus, and peripheral sensory ganglia (Fedtsova
sal spinal neurons, which begin to exit the cell cycle and and Turner, 1995). The Brn-3 gene class also includes Brn-
differentiate at about the same time as the motor neurons. 3.1 and Brn-3.2 (also designated Brn-3c and Brn-3b), which
have similar DNA-binding speci®city (Gruber et al., 1997),
but distinct patterns of neural expression (Gerrero et al.,1 To whom correspondence should be addressed at the Depart-
1993; Turner et al., 1994; Xiang et al., 1995). Recent targetedment of Psychiatry, University of California at San Diego, School
mutations in mice have shown that Brn-3.0 is necessary forof Medicine 0603, 9500 Gilman Drive, La Jolla, CA 92093-0603.
Fax: (619)-534-7653. E-mail: eturner@UCSD.edu. correct development of the sensory ganglia and some CNS
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Following surgery or agarose bead implantation, or in controls, em-nuclei (McEvilly et al., 1996; Xiang et al., 1996), that Brn-
bryos were incubated in ovo another 2 days, until stage 23±24.3.1 is necessary for correct development of the auditory
Notochord grafts were performed between stage 10 chick donorsystem, and that Brn-3.2 is required for differentiation of
embryos and stage 10 chick recipients as previously described (Ar-some retinal ganglion cells (Erkman et al., 1996; Gan et al.,
tinger and Bronner-Fraser, 1992), and the methods used for surgical1996).
ablation of the notochord have also been described (Artinger and
Here we have used differentiation of the Brn-3.0-express- Bronner-Fraser, 1993). Harvested embryos were ®xed in 6 parts eth-
ing spinal neurons as a model system in which to examine anol, 1 part 40% formaldehyde, and 3 parts H2O for 1 hr, dehy-
mechanisms that in¯uence the differentiation of speci®c drated, embedded in histoplast, and sectioned at 5 mM, as described
neuronal types in the dorsal spinal cord. First, we have dem- previously for mouse embryos (Fedtsova and Turner, 1995). For
coimmunostaining of Brn-3.0 and Msx, embryos were ®xed in 4%onstrated that ventral signals which induce motor neuron
paraformaldehyde, embedded in OCT solution, and cryosectioneddifferentiation can also suppress Brn-3.0 expression in the
at 20 mM.dorsal neural tube. Ablation of the notochord in chick em-
bryos extends the domain of Brn-3.0 expression into the
ventral neural tube, while ectopic grafts of notochord tissue
suppress Brn-3.0 expression. The notochord effects on ex-
Explant Culturepression of Brn-3.0 and the motor neuron marker Isl-1 are
reproduced in vivo by the implantation of a local source of
Explants of chick neural tube tissue were excised from 9- toShh protein, demonstrating that a single notochord signal
10-somite (HH stage 10) embryos using electrolytically sharpenedmay account for both positive and negative regulation of
tungsten needles. Methods for culture of embryonic explants inthe development of speci®c types of differentiated neurons.
collagen gels have been previously described (Dickinson et al.,Second, we have shown that explants of neuroepithelium
1995) and were used with minor modi®cations. In brief, explantsfrom the future spinal cord, cultured in the absence of epi-
were incubated in 0.05% collagenase in RPMI medium for 15 min
dermal ectoderm and midline mesodermal tissue, give rise at 207C to facilitate separation of tissue layers. Explants were rinsed
to Brn-3.0-expressing interneurons but not to Islet-1-ex- with Ca2//Mg2/-free phosphate-buffered saline and stored in RPMI
pressing motor neurons and that coculture of the neuroepi- medium with 5% fetal calf serum for 20±30 min prior to embedding
thelium with epidermal ectoderm has no signi®cant effect in collagen. As indicated in the ®gure legends, in some experiments
on Brn-3.0 expression. Together these data suggest that Brn- neuroectodermal tissue was reaggregated with the underlying
mesoderm prior to culture or incubated in contact with epidermal3.0 expression represents a ``default'' phenotype for the early
ectoderm. Explants were then rinsed in F12 medium (Gibco) anddifferentiation of the spinal neuroepithelium.
embedded in 0.2% rat tail collagen (Type I; Collaborative Biomedi-
cal Products). Embedded explants were incubated in F12 medium
with N2 supplement and 5% CO2 at 377C for 72 hr prior to analysis.MATERIALS AND METHODS
In these experiments, culture time was increased to 72 hr from the
18- to 48-hr culture times used by prior investigators to examine
Expression of Recombinant Shh Protein changes in the expression of neuroepithelial markers. This longer
incubation of the explants in culture was required because Brn-3.0For expression of recombinant Shh protein, a portion of the cod-
is expressed only after neurons exit the cell cycle. Tissue explantsing sequence of the rat Shh cDNA (Vhh-1, gift from H. Roelink)
were ®xed, paraf®n embedded, and analyzed by immuno¯uores-corresponding to amino acids 25±217 of Shh was subcloned using
cence as described for other embryonic tissues.PCR, inserted into the expression vector pGEX-KG, and sequenced
on both strands. The 5* PCR primer oligonucleotide was modi®ed
to include a 6-histidine tag at the amino-terminus of the Shh pro-
tein. The sequences of the oligonucleotides used as PCR primers
were GGCCGATTCAT CATCATCATCATCATCAT TGT GGG Immunohistochemistry
CCC GGC AGG GGG TTT GG and GGCCCTCGAG TCA CTT
CAC TAA CTT GGT GCC ACC CTG C. Induction of protein
Rabbit polyclonal antisera to murine Brn-3.0 were prepared and
expression in Escherichia coli and puri®cation of expressed protein
af®nity puri®ed as previously described (Fedtsova and Turner,
on glutathione-agarose were performed according to established
1995). Antisera prepared against the mouse Brn-3.0 protein reacted
protocols (Ausubel et al., 1995), and the recombinant protein was
with chick Brn-3.0 both in immunohistochemical and immuno-
dialyzed against phosphate-buffered saline (PBS), sterile ®ltered,
¯uorescence procedures and in electrophoretic mobility shift
and stored at0807C. To prepare Shh-coated beads for implantation,
assays of cellular extracts from chick embryo midbrain and retinathe af®nity matrix (Talon beads; Clontech) was washed once in PBS
(not shown). Mouse monoclonal anti-Isl-1, clone 40.2D6, was ob-and incubated with mixing in ®ve volumes of a 4 mg/ml solution of
tained from the Developmental Studies Hybridoma Bank. Mousethe Shh protein for 1 hr at 47C, then washed once in PBS and used
monoclonal anti-Msx (Msx-1 plus Msx-2) was a gift from T. Jessell.within 8 hr.
Secondary antibodies included goat anti-rabbit FITC conjugate
(Vector), Texas red goat anti-mouse IgG (Molecular Probes), and
sheep anti-mouse horseradish peroxidase conjugate (Amersham).Embryos
Slides of tissue samples were prepared for immuno¯uorescence as
previously described (Fedtsova and Turner, 1995) and were viewedWhite Leghorn chicken embryos were incubated at 387C approxi-
with an Olympus BH2 microscope equipped with appropriate sin-mately 36 hr until stage 10 prior to most surgical procedures. Em-
bryos were staged according to Hamburger and Hamilton (1951). gle-wavelength ®lters and a 75-W xenon light source.
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the expression of Brn-3.0 in chick embryos following a vari-RESULTS
ety of notochord manipulations. The known effects of noto-
chord manipulation on motor neuron development and theBrn-3.0 Identi®es a Distinct Set of Neurons in
expression of Isl-1 provided a useful control in these experi-Early Chick CNS Development
ments. First, the effect of surgical notochord ablation was
Previous studies have demonstrated that the POU-ho- examined. Notochord ablation at the level of the future
meodomain transcription factor Brn-3.0 is expressed in spe- forelimb in stage 10 embryos (not shown) had little effect
ci®c sets of terminally differentiating neurons in the mid- on neural tube morphology or on expression of Brn-3.0 and
brain, hindbrain, and spinal cord. In each area, the initial Isl-1, presumably because ¯oorplate induction had already
expression of Brn-3.0 follows shortly after the earliest exit occurred at this level or because the ¯oorplate was induced
of neurons from the cell cycle observed in birthdating stud- by the adjacent notochord-containing tissue (Artinger and
ies and the earliest expression of general neuronal markers. Bronner-Fraser, 1993). However, when midline mesodermal
This temporal expression pattern resembles closely that of tissue, including the caudal notochord and Hensen's node,
the LIM-homeodomain factor Islet-1, but the speci®c groups was removed from stage 10 embryos at the level of the
of neurons expressing these two factors appear to be quite presumptive hindlimb (Figs. 2A, 2B, and 2E), examination
distinct. To determine the relationship between early Brn- of the neural tube at positions caudal to the ablation showed
3.0- and Isl-1-expressing neurons, we examined the expres- an absence of the Isl-1-positive motor neurons and exten-
sion of both genes in the developing chick embryo by dou- sion of the domain of Brn-3.0 expression ventrally to the
ble-label immunohistochemistry using speci®c rabbit anti- most inferior aspect of the neural tube.
Brn-3.0 and mouse monoclonal anti-Isl-1 antisera. For ectopic placement of the notochord, donor notochord
Brn-3.0 immunoreactivity in the early chick nervous sys- tissue was harvested from stage 10 (10- to 12-somite) em-
tem reproduces the mouse developmental expression pat- bryos and introduced at a dorsal, dorsolateral, or ventrolat-
tern (Fedtsova and Turner, 1995) with only minor differ- eral position relative to the neural tube in recipient embryos
ences in developmental timing. In the developing chick of the same developmental stage. Because of the variable
midbrain, postmitotic Brn-3.0-expressing cells appear at the number of Brn-3.0 neurons in each section, the reproducibil-
margin of the tectal neuroepithelium by stage 15. In the ity of the loss of Brn-3.0 expression in the region of the
chick midbrain tegmentum, Brn-3.0-positive cells appear by graft was con®rmed by the examination of several control
stage 19 and form a population of early neurons which are sections both rostral and caudal to the graft. In each case,
clearly distinct from the Isl-1-expressing motor nuclei. Also ectopic expression of Isl-1 was induced in the region of the
consistent with results in the mouse is the expression of graft, and expression of Brn-3.0 was inhibited. In asymmetri-
Brn-3.0 in postmitotic retinal ganglion cells and in the sen- cally transplanted embryos (Figs. 2C and 2D) Brn-3.0 neu-
sory peripheral ganglia. rons are greatly reduced in number on the operated side, and
Prior to experimental manipulation of the developing the expression of Brn-3.0 on the unoperated side provides an
neural tube, the expression of Brn-3.0 and Isl-1 in the normal internal control for the intensity of staining and the normal
chick spinal cord was examined in detail (Fig. 1). In the day number of Brn-3.0-expressing cells occurring at the level of
4 chick spinal cord, Brn-3.0 expression is restricted to the the graft. Notochord tissue placed in the alar midline (Fig.
dorsal cord, and Isl-1 is expressed predominantly in the ven- 2F) nearly eliminated Brn-3.0 expression bilaterally, with
tral motoneurons, although a small population of dorsolat- symmetrical induction of Islet-1. These results suggest that
eral cells immunoreactive for both markers was consis- the notochord is the source of a signal or signals which
tently observed. The Brn-3.0 and Isl-1 neurons together ac- inhibit development of the dorsal Brn-3.0 neurons, in addi-
count for a majority but not all of the postmitotic spinal tion to the previously described induction of the ventral
cord neurons observed at this stage. In contrast to the dis- motor neurons.
tinct populations of CNS cells identi®ed by these factors, Dorsal ectopic placement of the notochord has been
the differentiating neurons of the dorsal root ganglia were shown to inhibit the normal alar expression of the homeo-
immunoreactive for both antigens with varying intensity. box genes Msx-1 and Msx-2 (Monsoro-Burq et al., 1995). To
In the day 10 chick spinal cord (stage 36, Fig. 1D), most better understand the effect of notochord signals on regula-
of the developing spinal cord neurons have exited the cell tory genes expressed in the dividing neuroepithelium, and
cycle. The Brn-3.0-positive cells have been displaced medi- their relationship to the terminal differentiation of Brn-3.0-
ally by the subsequent development of Brn-3.0-negative dor- expressing neurons, we examined the expression of Msx
sal horn neurons, and the position of the Brn-3.0 cells is using monoclonal antibodies (recognizing Msx-1 plus Msx-
consistent with a subset of spinal interneurons. Isl-1 expres- 2; Liem et al., 1995) together with the expression of Brn-
sion at this stage is largely restricted to the motor neurons 3.0 in notochord-ablated embryos. In the normal developing
of the ventral horn. spinal cord, Msx-2 expression has been shown to be re-
stricted to the dorsalmost neuroepithelium, including the
roofplate, and the overlying surface ectoderm. Msx-1 is ex-Brn-3.0 Expression Is Inhibited by the Notochord
pressed in the dorsal neuroepithelium, but extends more
ventrally than Msx-2 (Monsoro-Burq et al., 1995). TheseIn order to understand the establishment of the Brn-3.0
neuronal phenotype in the dorsal spinal cord, we examined ®ndings are consistent with the results shown in Fig. 2G,
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FIG. 1. Brn-3.0 and Isl-1 expression in the normal developing chick spinal cord. Views (A±C) show Brn-3.0 and Isl-1 expression by double-
label immuno¯uorescence, in a single section of the thoracic spinal cord of the normal day 4 (stage 23) chick embryo. (A) Exposed for
Brn-3.0 expressing cells alone, (B) for Isl-1 expressing cells, and (C) for both antigens. Although Brn-3.0 and Isl-1 expression was generally
restricted to the dorsal and ventral cord, respectively, a few dorsal cells expressed both antigens (arrow), enlarged for detail in (E). (D) Brn-
3.0 (green) and Isl-1 (red-orange) expression by immuno¯uorescence in the day 10 chick spinal cord, in which the Brn-3.0-expressing
neurons appear in the intermediate gray zone. Legend: drg, dorsal root ganglion; mot, motor; DH, dorsal horn, VH, ventral horn.
in which Msx expression is most intense in the roofplate notochord is ablated, as shown in Fig. 2H, Brn-3.0-express-
ing neurons differentiate in the most ventral aspect of thearea and shows minimal overlap with the domain of termi-
nal differentiation of the Brn-3.0-expressing cells. When the neural tube, but intense expression of Msx remains con®ned
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8691 / 6x2d$$$183 09-03-97 19:23:29 dbal
22 Fedtsova and Turner
FIG. 2. The effect of notochord placement on Brn-3.0 and Isl-1 expression. (A and B) The notochord was surgically ablated at the level
of the hindlimb in a stage 10 (10-somite) embryo, then allowed to develop and examined on day 4 (stage 23). Removal of Hensen's node
tissue at this stage prevented caudal progression of the notochord, and notochord ablation resulted in a narrowing of the ventral neural
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to the most dorsal region (although a weak region of more pression of regulatory factors that have a role in the speci®-
cation of mature neuronal phenotypes. These data cannotventral Msx expression cannot be excluded). These results
are consistent with the previously observed role of contact be explained simply by the hypothesis that activation of Isl-
1 expression by Shh directly precludes Brn-3.0 expression, aswith the epithelial ectoderm in the induction of Msx expres-
sion (Liem et al., 1995) and suggest that the ectopic ventral both factors are expressed in a few cells in the normal spinal
cord (Fig. 1E) and in the dorsal root ganglia. Also, in theexpression of Brn-3.0-expressing neurons in notochord-ab-
lated embryos proceeds by a mechanism different from that rostral neural tube of stage 10 embryos (Fig. 3B), exposure
to Shh will suppress subsequent Brn-3.0 expression withoutcontrolling Msx expression.
ectopic induction of Isl-1.
To further examine the in vivo requirements for differen-
Shh Regulates Brn-3.0 Expression tiation of the Brn-3.0-expressing spinal cord neurons, we
performed two additional surgical manipulations of the dor-Manipulation of the notochord demonstrates that the ter-
minally differentiated phenotype of developing spinal cord sal neural tube. In the ®rst experiments, neural tube closure
was prevented by the insertion of a large agarose bead intoneurons from both the dorsal and the ventral neural tube
can be altered by notochord signals. To determine whether the open neural tube. Failure of neural tube closure did not
prevent differentiation of the Brn-3.0 cells, and as expecteda single signaling molecule is suf®cient for these opposite
effects, we examined Brn-3.0 and Isl-1 expression in the the dorsal root ganglia developed normally to stage 22 (Fig.
4A). In a second series of experiments, the neural ridge waspresence of recombinant Shh. To supply a localized Shh
signal, the N-terminal active signaling domain of Shh (Shh- ablated over several spinal segments prior to neural tube
closure. At the center of the operated region (Fig. 4B) theN; Marti et al., 1995; Roelink et al., 1995) was linked to a
6-histidine tag sequence and expressed as a fusion protein in neural crest-derived sensory ganglia do not appear, but Brn-
3.0 is still expressed in a signi®cant number of CNS neu-bacteria. The recombinant protein was linked to an agarose
af®nity matrix (Talon beads; Clontech) and the Shh-satu- rons. Thus although the neural crest produces a signi®cant
number of Brn-3.0-expressing sensory neurons, develop-rated beads were implanted in the lumen of the neural tube
at the point of neural tube closure (Figs. 3B, 3D, and 3E). ment of the neural crest-derived dorsal root ganglia is not
required for differentiation of the Brn-3.0 cells in the CNS.Identical beads without recombinant Shh were used as con-
trols (Figs. 3A and 3C; note that the presence of Shh in-
creases the background ¯uorescence of the beads). Immobi-
Expression of the Brn-3.0 Phenotype Islized Shh resulted in a nearly complete inhibition of Brn-
Independent of Signals from Epidermal Ectoderm3.0 expression in the adjacent neural tube, while sections
at a distance of several spinal segments rostral or caudal The results obtained here with surgical manipulation of
the embryo raise the question of whether the spinal cordto the implant showed normal differentiation of Brn-3.0-
expressing cells. When implanted in more caudal locations, neuroepithelium possesses the intrinsic capacity to differ-
entiate into Brn-3.0-expressing neurons from an early devel-the Shh beads also induced wide ectopic expression of Isl-
1 in the developing spinal cord (Fig. 3D). The more pervasive opmental stage, or whether some extrinsic signal is neces-
sary for the execution of this developmental pathway. Pastdevelopmental effects of the caudally placed beads are likely
to re¯ect the earlier developmental phase of the caudal neu- results have shown the ability of epidermal (nonneural) ec-
toderm to induce markers of the dorsal neuroepithelium,ral tube at the time of bead placement rather than different
speci®c properties of the rostral and caudal regions. including Msx-1, slug, Wnt, and Dsl-1, in explants of the
ventral spinal neural plate (Dickenson et al., 1995; LiemThese results demonstrate that a single locally supplied
developmental signal can have opposite effects on the ex- et al., 1995). However, two experiments described above
tube, absence of the characteristic morphology of the ¯oorplate, and disappearance of the Isl-1-positive motoneurons. (A) Stained with
hematoxylin/eosin and (B) double-labeled for Brn-3.0 (green) and Isl-1 (red, absent from the neural tube). (E) shows an enlarged view of
the boxed region of the same section, in which individual Brn-3.0-expressing neurons are indicated by arrows. In the absence of the
notochord, Brn-3.0-positive neurons (arrows) extend ventrally from their usual region of development to the most ventral aspect of the
neural tube, where they are not observed in control embryos. Similar results were obtained in 6/7 embryos in which the most caudal
portion of the notochord including adjacent Hensen's node tissue was ablated (as in Catala et al., 1996), but in only 1/18 embryos in
which the caudal notochord was not removed in the ablation. (C, D, and F) An ectopic notochord was placed in various positions in a
stage 10 (12-somite) embryo, and the embryo was examined at stage 24. In each case placement of the ectopic notochord induced Isl-1
expression and suppressed the Brn-3.0 phenotype. Open arrows indicate the dorsal and ventral limits of Brn-3.0 expression. Similar
results were obtained in 12/12 surviving embryos with lateral and 6/6 embryos with dorsal ectopic notochords. (G and H) Double-label
immuno¯uorescence for Brn-3.0 (green) and Msx-1/2 (red) in a normal embryo (G) and following the notochord ablation procedure described
above (H). Following notochord ablation, Msx expression remains largely con®ned to the zone of neuroepithelial contact with surface
ectoderm, while Brn-3.0-expressing neurons appear ectopically in the ventral cord. (A±F) 5-mm paraf®n sections; (G and H) 20-mm frozen
sections. Diffuse, nonnuclear staining in (G) and (H) is likely to represent nonspeci®c background resulting from the thickness of the
frozen section, although some weak ventral expression of Msx cannot be excluded. Legend: n, notochord; n*, ectopic notochord.
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FIG. 3. Shh has opposite effects on Brn-3.0 and Isl-1 expression. The active domain of Shh was expressed as a fusion protein with a 6-
His tag sequence, and the recombinant protein was bound to agarose beads as described under Materials and Methods. Control (A, C) and
Shh (B, D) beads were then implanted into the open neural tube of developing stage 10 embryos at the level of the presumptive forelimb
(A, B) or hindlimb (C, D) as shown in (E). Embryos were then allowed to develop with beads in place and examined for Brn-3.0 (green)
and Isl-1 (red/orange) expression at stage 24. Arrows indicate the location of Brn-3.0-positive neurons on the left side of the sections.
Placement of Shh beads at the more rostral location (B) resulted in nearly complete inhibition of Brn-3.0 expression, and a single remaining
Brn-3.0-positive neuron is indicated (arrow). Similar results were obtained in 9/9 embryos which survived and retained at least two adjacent
beads. Shh beads placed more caudally (D) also inhibited Brn-3.0 expression and resulted in an extensive rearrangement of the dorsoventral
axis, with the loss of a clearly distinguishable ¯oorplate, thinning of the neuroepithelium, and ectopic expression of Isl-1. Similar results
were obtained in 5/6 surviving embryos that retained multiple beads.
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FIG. 4. Effects of the open neural tube and ablation of the neural ridge on Brn-3.0 expression. (A) Neural tube closure was prevented by
the placement of a large agarose bead at stage 10, and the embryo was examined at stage 23. Development of Brn-3.0 and Isl-1 neurons
in the CNS and dorsal root ganglia appear normal at this stage. (B) The neural ridge was surgically removed from a stage 10 embryo, prior
to neural tube closure, over several spinal segments. When examined at stage 24, the dorsal root ganglia were absent, but the development
of a signi®cant number of Brn-3.0-positive neurons is still observed.
suggest that the appearance of the postmitotic Brn-3.0-ex- of the contact between neural and nonneural ectoderm, is
ablated, the neural crest-derived dorsal root ganglia fail topressing neurons may not depend on a contact-mediated
epidermal signal. First, when the neural ridge, the region appear, but Brn-3.0-expressing spinal cord cells differentiate
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as expected. However, in this case it cannot be excluded thelial explants consistently required coculture with sur-
face ectoderm, in contrast to the spontaneous appearancethat contact between the surface ectoderm and the neuro-
of Brn-3.0 cells in explants from the same stage and axialepithelium is reestablished and subsequently induces Brn-
level. When the cultured neuroepithelium was wrapped in3.0 expression. Second, ablation of the notochord±Hensen's
surface ectoderm (Fig. 6B), expression of Msx was extensive,node in the future lumbosacral region of the 9-somite em-
and when contact between the tissues was more localizedbryo leads to the development of numerous Brn-3.0-express-
(Fig. 6C), Msx expression appeared largely in the neuroepi-ing cells in the most ventral part of the neural tube, where
thelial cells adjacent to the surface ectoderm.they are never observed in the presence of the notochord.
Qualitative examination of neuroepithelial explants cul-These ventral cells presumably differentiate from the ven-
tured with and without epidermal ectoderm (compare Figs.tral midline neuroepithelium and it seems unlikely that
5A±5C and 6D) did not appear to show any consistent differ-their development requires a contact-mediated signal from
ence in the number of Brn-3.0-expressing cells. However,surface ectoderm. In contrast, Msx expression, which is in-
direct quantitative comparison between explant experi-duced by the surface ectoderm, appears to be largely re-
ments is made dif®cult by the variability in the total num-stricted to the zone of neuroepithelial contact with the epi-
ber of cells, and especially in the number of terminally dif-dermal ectoderm even when the notochord is ablated.
ferentiated neurons, between individual explants. Thus aTo better understand the requirements for differentiation
quantitative assessment of the effect of the epidermal ecto-of Brn-3.0-expressing neurons, we examined expression of
derm on Brn-3.0 expression was performed as follows: Sev-Brn-3.0 in a series of neuroepithelial explants, cultured in
eral cocultures of neuroectoderm and surface ectodermde®ned media in collagen gels (see Materials and Methods).
were sectioned, stained for Brn-3.0, and photographed. TheThe most rostral explants were taken from the newly closed
photographs were projected against a grid, allowing the im-neural tube at the level of the ninth somite (Fig. 5, zone A),
age of the region containing the neuroepithelial part of thecorresponding to the cervical cord at later developmental
explant to be divided into regions of equal area which werestages. Explants from an intermediate region were taken
designated proximal and distal with respect to the cocul-from the neural plate lateral to the caudal notochord (zone
tured epidermal ectoderm (Fig. 6D). In 17 sections from fourB), which later contributes to the upper thoracic spinal cord
coculture experiments, 57 Brn-3.0 cells were observed in(Catala et al., 1996). The most caudal explants were taken
the proximal part of the neuroepithelium adjacent to thefrom the lateral neural plate at a level caudal to Hensen's
surface ectoderm, and 80 cells were observed in the distal
node (zone C), corresponding to the lumbosacral spinal cord. portion. This nonsigni®cant trend toward appearance of
In each case, the explants included a strip of neuroepithelial Brn-3.0-expressing cells distal to the surface ectoderm is
cells which avoided the lateral area of neuroepithelial con- consistent with the qualitative observation that there is
tact with surface ectoderm and also avoided the midline little in¯uence of the epidermal ectoderm on Brn-3.0 expres-
area of contact with the notochord (Figs. 5D and 5E). sion in neuroepithelial explants.
Figures 5A±5C illustrate the expression of Brn-3.0 in neu- These experiments cannot strictly rule out some subtle
roepithelial explants from these three locations along the in¯uence of the surface ectoderm on subsequent Brn-3.0
rostrocaudal axis of the 9- to 10-somite chick embryo. In expression in the spinal cord, and it is possible that Brn-3.0
explants from all three regions, a signi®cant number of Brn- neurons arise in neuroepithelial explants as a result of a
3.0-expressing cells differentiated. In contrast, Isl-1-express- very early dorsal (lateral) signal which has its effect before
ing cells were only observed in 2/27 surviving explants from the stage at which neuroepithelial explants were taken,
zone B, and in none of the explants from other regions, rather than by ``default.'' However, if such a dorsal in¯uence
indicating that the explanted cells were not committed to takes place, it is not suf®cient for commitment to the Brn-
a de®nitive ventral phenotype at the time of surgery. It 3.0 phenotype because it may be completely overcome by
is likely that the Brn-3.0-expressing cells observed in the an ectopic notochord or by the application of Shh. Further-
explants represent CNS phenotypes, not cells characteristic more, the uniform appearance of Brn-3.0-expressing neu-
of the neural crest-derived dorsal root ganglia, because the rons following notochord ablation demonstrates that in the
dorsal root ganglia neurons consistently coexpressed Isl-1, absence of the ventral signals, any dorsal signal must in¯u-
ence Brn-3.0 expression in the dorsal and ventral neural tubeand the Brn-3.0-positive cells in the explants did not. These
equally, which seems unlikely, particularly if the signal isresults con®rm the hypothesis, suggested by the in vivo
contact-mediated. Overall, it appears likely that restrictiondata, that the spinal cord neuroepithelium may differentiate
of differentiation of the Brn-3.0 neurons to the dorsal neuralinto Brn-3.0-expressing neurons in the absence of speci®c
tube takes place by Shh-mediated inhibition of what is oth-dorsal signals derived from surface ectoderm.
erwise a default pathway for neural differentiation, eitherTo further explore the question of whether dorsal signals
intrinsic to the neuroepithelium or induced by signalsare required for differentiation of Brn-3.0-expressing neu-
which affect the neuroepithelial cells at very early stagesrons, we examined expression of Msx in explants of ventral
and are independent of dorsoventral position.neuroepithelium (from zone B, Fig. 5) cultured in the pres-
ence of epithelial (surface) ectoderm. As previously reported
DISCUSSION(Liem et al., 1995), surface ectoderm had a clear inductive
in¯uence on the expression of Msx 1/2 by neuroepithelial In this study, we have used a subset of spinal cord neurons
that express the POU-domain factor Brn-3.0 as a model sys-cells (Figs. 6A±6C), and Msx expression in ventral neuroepi-
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FIG. 5. Expression of Brn-3.0 in explants of spinal cord neuroepithelium. (A, B, and C) Typical sections of neuroepithelial explants from
three regions along the rostrocaudal axis of a stage 10 (9-somite) embryo. The diagram at right shows the rostrocaudal position of the
explants, and (D) and (E) show the location of the explants in hematoxylin/eosin-stained cross sections of 9-somite embryos, as described
in the text. (A and C) Double immunostained for Brn-3.0 (green) and Isl-1 (red, negative in both cases); (B) immunostained for Brn-3.0
alone. The terminal differentiation of Brn-3.0-expressing cells required extended culture time (72 hr) in minimal medium compared to
prior studies of the expression of neuroepithelial patterning genes (18±48 hr). This prolonged culture time resulted in signi®cant cell
death in some of the more caudal explants. However, reaggregation of the neuroepithelial tissue with the underlying mesoderm signi®cantly
enhanced survival of the explants. In zone A, 3/4 surviving explants cultured without mesoderm exhibited numerous Brn-3.0-expressing
cells. Explants from zone B were successfully cultured without (B) and with (not shown) the underlying mesoderm; 9/11 explants cultured
with neuroepithelium alone and 14/16 explants with associated mesoderm showed Brn-3.0-expressing cells. Explants from the most caudal
zone C (C) survived suf®ciently long for analysis only in the presence of mesoderm, and 3/3 surviving explants exhibited Brn-3.0-positive
cells. Legend: epi, epidermal (surface) ectoderm; NE, neuroepithelium.
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tem in which to explore the relationship between localized is extended ventrally in the absence of Shh (Chiang et al.,
1996).developmental signals and the differentiation of speci®c
neuronal types in the CNS. Because the Brn-3.0-expressing Previous work has also revealed that differentiation of
neurons are restricted to the dorsal spinal cord and exit some commissural neurons, as recognized by expression of
the cell cycle and differentiate early in development when neuro®lament and cellular retinol-binding protein, is main-
relatively few neurons are present, they present an excellent tained in the neural tube adjacent to grafted notochord tis-
opportunity to examine how dorsal neuronal phenotypes sue (Artinger and Bronner-Fraser, 1992). These cells may
are speci®ed. The well-characterized Islet-1-expressing mo- represent a group of neurons distinct from those character-
tor neurons, which exit the cell cycle and differentiate dur- ized by Brn-3.0. However, it cannot be determined from the
ing approximately the same developmental interval as the present data whether loss of the Brn-3.0 phenotype repre-
Brn-3.0 neurons, provide a convenient comparison group sents the absence of this class of neurons or down-regula-
of ventral neurons for these studies. The Brn-3.0 and Isl- tion of Brn-3.0 expression in cells which otherwise continue
1 neurons are largely distinct, although coexpression was to develop. Thus the commissural neurons observed in the
observed in the peripheral sensory nervous system, the sen- prior study may also represent Brn-3.0 neurons which no
sory neurons of the mesencephalic trigeminal nucleus, and longer express this characteristic gene. In either case, the
a small subset of neurons in the dorsal spinal cord. The Brn-3.0 neurons are not simply ``converted'' to the Isl-1-
expression patterns of these factors suggest that they are expressing phenotype, since in the rostral neural tube of the
part of a combinatorial code which speci®es the phenotype stage 10 embryo (Fig. 3B), Brn-3.0 is down-regulated by Shh
of the earliest terminally differentiated neurons. without induction of Isl-1 in the dorsal cord.
The present results demonstrate that notochord signals Other results obtained by manipulation of the notochord
also have a profound effect on the phenotype of neurons in the present study are consistent with prior work. In agree-
which subsequently differentiate in the dorsal neural tube, ment with prior studies (van Stratten et al., 1988; Smith
by virtual elimination of the expression of Brn-3.0, which and Schoennwolf, 1989; Artinger and Bronner-Fraser, 1992;
characterizes a large fraction of the ®rst neurons to nor- Monsoro-Burq et al., 1995), we observed that lateral place-
mally differentiate in the dorsolateral spinal cord. The recip- ment of an ectopic notochord resulted in formation of a
rocal experiment, ablation of the notochord at suf®ciently morphologically distinct ¯oorplate, but this was not ob-
early developmental stages, results in the differentiation of served when the notochord was placed at the dorsal midline.
Brn-3.0-expressing neurons throughout the ventral aspect Notochord signals have also been previously shown to in-
of the neural tube, where they are never observed in unoper- duce development of speci®c ventral cell types in the devel-
ated embryos. These effects are the opposite of the inductive oping neural tube, including serotonergic neurons in the
hindbrain (Yamada et al., 1991) and motor neurons charac-effect of the notochord on Isl-1-expressing motor neurons.
terized by Isl-1 expression in the spinal cord (Ericson etThese results clearly demonstrate the effect of notochord
al., 1992; Yamada et al., 1993). In our experiments as well,signals on a speci®c population of terminally differentiated
notochord grafts in both the lateral and the dorsal positiondorsal spinal neurons. Previously, dorsal placement of an
induced the ectopic expression of Isl-1. Also in agreementectopic notochord has been shown to inhibit expression of
with prior studies (Artinger and Bronner-Fraser, 1992;several early markers of the roofplate and dorsal neuroepi-
Monsoro-Burq et al., 1995), we observed that the presencethelium, including Msx-1, Msx-2, Pax-3, and Dsl-1
of an ectopic notochord did not prevent formation of the(Goulding et al., 1993; Basler et al., 1993; Monsoro-Burq et
dorsal root ganglia on the side of the transplant.al., 1995). Thus the effect of the notochord and Shh on Brn-
3.0 expression suggests that changes in these early neuroepi- Recent results have demonstrated that many develop-
mental effects of the notochord can be replicated by thethelial patterning genes translate into subsequent effects on
differentiation of speci®c spinal neurons. In addition, recent protein factor Shh/Vhh-1, which is expressed in the noto-
chord and ¯oorplate of vertebrate embryos (Echelard et al.,examination of homozygous mice with targeted disruption
of the shh gene has revealed that expression of Pax-2, which 1993; Chang et al., 1994; Roelink et al., 1994). The present
experiments show that exposure to Shh from the time ofalso characterizes a speci®c population of spinal neurons,
FIG. 6. Effect of epidermal ectoderm on differentiation of Brn-3.0-expressing neurons in neuroepithelial explants. (A±C) The ability of
epidermal explants to induce expression of the dorsal neuroepithelial marker Msx-1/2 is shown. Ventral (medial) neuroepithelial explants
were taken from zone B as shown in Fig. 5, cocultured for 24 hr in collagen gels with explants of epidermal (surface) ectoderm, and
immunostained as whole mounts for Msx expression. (A) Neuroepithelium cultured alone, (B) neuroepithelium enveloped by surface
ectoderm in culture, and (C) Msx expression near a region of limited contact between surface ectoderm and neuroepithelium. Msx
expression was absent in 7/7 surviving neuroepithelial explants cultured alone and detectable in all or part of 11/11 neuroepithelial
explants cocultured with epidermal ectoderm. (D) An example of 17 sections examined from four explant experiments which were used
to compare the number of Brn-3.0 neurons that differentiated in the portions of the explant proximal and distal to the epidermal ectoderm
(see text). Legend: epi, epidermal ectoderm; ne, neuroectoderm; dist, distal (part of neuroectoderm); prox, proximal (part of neuroectoderm);
arrows indicate Brn-3.0-expressing cells.
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neural tube closure is suf®cient to suppress subsequent ex- 1995; Hauptman and Gerster, 1996; Chiang et al., 1996).
However, only a few experiments describing the effects ofpression of Brn-3.0 in the developing spinal cord, and thus
probably accounts for the effects of the transplanted noto- ventral signals on the phenotype of neurons in the midbrain
and caudal forebrain have been described. As in the spinalchord. In the less mature caudal neural tube, down-regula-
tion of Brn-3.0 by Shh is accompanied by marked morpho- cord, Brn-3.0 identi®es neurons in the epithalamus, mid-
brain tectum and tegmentum, and hindbrain which arelogical changes and induction of Isl-1 expression. In a more
developmentally advanced rostral location, Brn-3.0 expres- among the ®rst to differentiate in these brain regions (Fedt-
sova and Turner, 1995). Thus it will be interesting to see ifsion is suppressed without marked induction of Isl-1. These
®ndings demonstrate a role for Shh in the suppression of a the principles that control differentiation of Brn-3.0-ex-
pressing neurons in the spinal cord apply throughout thespeci®c dorsal neuronal phenotype.
The effect of ventral signals on Brn-3.0 expression is pre- neural axis.
ceded by, and may be the consequence of, previously recog-
nized changes in neuroepithelial patterning genes induced
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